Abstract. Effects of the Coulomb electrical body force on heat transfer performance of an instrumented spray cooling experiment are reported. Heat transfer performance is documented for a range of spray volume flow rates and heater power levels using the dielectric liquids, FC-72 and HFE-7000, sprayed onto a Thick Film Resistor (TFR) heater; along with flow visualization results using a transparent Indium-Tin Oxide (ITO) heater. Two Coulomb force electrode geometries show modest but consistent improvements in heat transfer (order of 5-15%), but only at heat fluxes where boiling of the liquid film occurs. Flow visualization shows a highly contorted liquid film forming on the heater surface. These flow visualization results are used to aid in the estimation of characteristic time scales governing the effects of surface tension, gravity, heating of the liquid film, and vaporization of the film. For the present dense liquid sprays, it is concluded that none of these time scales are as short as the average time between droplet impacts into a heater surface area equal to the estimated size of the thin, crater-like liquid films formed by a previous droplet impact.
INTRODUCTION
Higher-performance thermal management systems will be required for the more capable aircraft and spacecraft of the future. The Air Force envisions future airborne laser and radar systems that would require heat rejection of between 100 kW and 1 MW, and spray cooling is one cooling method under study to meet these increased heat rejection requirements (Mahefkey et al., 2004) . Baysinger et al. (2004) and Yerkes et al. (2006) at the Air Force Research Laboratory (AFRL) describe a spray impingement heat transfer experiment that is being flown on NASA variable gravity research aircraft, in an effort to achieve higher heat transfer performance in a space and weight efficient manner. The coolant used in these experiments is FC-72, a nonpolar, dielectric, diamagnetic liquid.
Spray cooling greatly increases the cooling spatial uniformity relative to liquid jet impingement cooling (Bernardin et al., 1996) . Spray cooling has the best performance in terms of heat transfer coefficient and critical heat flux (CHF) when compared to liquid jet impingement and pool boiling (Chow, Sehmbey, and Pais, 1997; Tilton, 1989) . With water as the working fluid, spray cooling has achieved a heat flux on the order of 1000 W/cm 2 in terrestrial gravity (Lin and Ponnappan, 2003) . The main applications of spray cooling to date have been in the quenching of aluminum and steel, in nuclear reactor safety devices, and the steady heat removal from lasers or electronic equipment.
The goal of the present work is to explore the effectiveness of the electrical Coulomb body force to enhance spray impingement heat transfer in the laboratory. DiMarco and Grassi have demonstrated a significant increase in the CHF in pool boiling of FC-72 via the use of the electric Kelvin force at electric potentials of 10 kV (DiMarco and Grassi, 2002) . For the present work, a spray cooling experiment has been developed that is identical to the AFRL apparatus, but with provision for generating controlled electric fields near the spray nozzle and heater surface. Preliminary heat transfer performance results are summarized for two different electrode designs that use the electric Coulomb force.
EXPERIMENTAL APPARATUS
The spray nozzles, heaters, and sump geometry in the present work are identical to the spray cooling apparatus developed at the AFRL . Either the same working fluid of FC-72, or a second dielectric coolant, HFE-7000, has been used. Detailed descriptions of the current apparatus have been given in the theses by Hunnell (2005) , Glaspell (2006) , and Kreitzer (2006) . A schematic of the spray nozzle, heater surface, pedestal, and sump is shown in Fig. 1 , along with a photograph of the nozzle and heater with an electrode installed. The nozzle and heater surface have been housed in a spray chamber that has been fitted with view ports for flow visualization. The geometry of this portion of the present apparatus is identical to the AFRL apparatus, except for electrical penetrations in the WVU spray chamber for the present study of the effects of electrical body forces on spray cooling performance.
(a) Nozzle, Heater, and Electrode.
(b) Schematic of Nozzle, Heater, and Sump Geometry.
FIGURE. 1. Spray Cooling Apparatus.
FC-72 spray Sauter mean diameter and velocity for the Spraying Systems full cone 1/8G-1 brass nozzle used herein have been measured by Yerkes et al. (2006) at a flow rate of 9.5x10 -6 m 3 /s using Phase Doppler Anemometry as 48 µm and 12 m/s, respectively. Nozzle-heater spacing for the present results is 13 mm, and pedestal diameter is 16 mm. The active heater surface area is 1.46 cm 2 . The spacing was chosen so that the outer edge of the spray cone coincides with the circumference of the heater (Fig. 1) . Two basic types of heaters have been used in the present work: an optically transparent Indium-TinOxide (ITO) heater, and a more robust ceramic Thick-Film Resistor (TFR); these same heater types are being used in the AFRL work. The heaters are bonded to the top of a cylindrical pedestal (Fig. 1) ; the pedestal is installed in a sump that is used to collect the excess liquid coolant for recirculation. The sump may be fitted with a concentric hollow conical "cap" to redirect the excess liquid into the sump and to aid in liquid flow management. The cap also serves to simulate the effects of impingement of a regular array of neighboring sprays onto a large heater. Results for the present work have been obtained without a cap fitted to the sump (called "unconfined flow" herein). The transparent pedestal allows viewing of the flow on the surface of the ITO heater from below using a high speed video camera, while a PTFE pedestal has also been used for TFR heaters.
The spray chamber has been mounted to an experiment base that houses the needed pumps, valves, heat exchangers, and instrumentation. A schematic of the apparatus flow loops housed in the experiment base is shown in Fig. 2 . The coolant is pumped from a reservoir by a positive-displacement gear pump to the spray nozzle, where flow rate is controlled by setting the pump speed, and a rotameter monitors flow rate. The spray impinges on the heater surface, and the excess liquid is collected in the sump. The vapor is condensed on the chamber walls and is then collected in the sump. A positivedisplacement diaphragm pump sends the sump fluid through a liquid-air heat exchanger back into the reservoir. Sump flow is controlled by a valve on the bypass loop (Fig. 2) . Spray chamber temperature is controlled by water flowing through tubes cemented to its outside cylindrical surface. This flow is created by a separate flow loop, consisting of a water reservoir, liquid-air heat exchanger, centrifugal pump, and rotameter. Both flow loops contain filters, as well as pressure and temperature instrumentation.
Seven 0.25 mm (0.01") type E thermocouples have been installed in the glass post onto which the heater has been mounted in the same locations as those used for the AFRL apparatus (Baysinger, 2004) . A similar PTFE pedestal fitted with 5 thermocouples located directly beneath the TFR heater has also been used in the present work. The analysis developed by Yerkes et al. (2006) has been used to compute the heater surface temperature from the measured temperature at a location 0.5 mm below the heater surface in contact with the coolant. Key thermocouples have been calibrated against an RTD Heater standard thermometer in a stirred oil bath. Flow meter repeatability is estimated as ±3% to 5%, heater power accuracy is estimated as ±0.5 to 1 W, and temperature resolution is ± 0.1 o C, with an estimated accuracy of ±0.2 o C (Kreitzer, 2006) .
FIGURE. 2. Schematic of Experimental Apparatus, Showing Test Fluid and Cooling Water Flow Loops.
A CAD schematic of one of the electrode geometries used in the current study is shown in Fig. 3 . These Coulomb force electrodes have been designed by attempting to follow the recommendations of Law for inductive charging of the spray (1978). These electrodes have been analyzed by Mehra using the multiphysics code, CFD-Ace+ to compute the electric field strength, from which the Coulomb force on a droplet has been estimated. Schematics of the two different electrode designs are shown in Fig 
Here, b is the radius of the heater, T ∞,wall is the average temperature of the spray liquid as it travels through the sump, and k htr is the thermal conductivity of the heater material. The temperature difference, (T s -T ∞,top ), has been nondimensionalized by dividing by (T sat -T ∞,wall ). The reference temperature T ∞,top is the average temperature of the liquid film on the heater surface, taken as the average of the initial spray liquid temperature and the temperature of the liquid as it leaves the heater surface. T s is the heater surface temperature, computed from the measured interface temperature at the bottom of the heater substrate. The heat transfer model developed by Yerkes et al. (2006) for the ITO heater has been extended in an approximate way to include the effect of the insulating glass layer on the top side of the TFR ceramic heater in the calculation of the heater surface temperature, T s (Hunnell et al., 2006) . A simple one-dimensional conduction heat transfer thermal resistance across the insulating glass layer on the side of the TRF heater in contact with the spray coolant has been used to estimate a temperature drop across this glass layer in order to get an estimate of T s . This results in a reduction of the heater surface temperature across the TFR heater assembly of approximately 5 o C at a heater power of 60 W. The computed heat transfer coefficients have been non-dimensionalized as the Nusselt number, Nu, defined as:
Here, k fluid is the working fluid thermal conductivity and h is the heat transfer coefficient. 
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FIGURE. 3. Inductive Charging Coulomb Force Electrode Geometry.
(a) Electrode 1.
(b) Electrode 2.
FIGURE. 4. Schematic of Electrode Configurations.

RESULTS
Spray cooling performance results for the present apparatus without electrical body force effects have been presented by Hunnell (2005) and by Hunnell et al. (2006) under conditions of terrestrial gravity for both vertically-downward directed and horizontal sprays. The present results using the Coulomb force electrode geometries shown in Figs. 3 and 4 for a vertically-downward spray have been presented in detail by Kreitzer (2006) . A companion study of electrode geometries designed to utilize the electric Kelvin force has been presented by Glaspell (2006) . The present initial data using the Coulomb force electrode geometries shown in Figs Fig. 5 presents the measured nondimensional heat flux, G∆ as defined in Eq. 1, versus the nondimensional temperature difference between the heater surface and the impinging liquid spray coolant for Coulomb force electrode 1 for two different spray flow rates. Spray flow rates were 8.4 x 10 -6 and 6.3 x 10 -6 m 3 /sec (8 and 6 GPH). Here the coolant was HFE-7000, and a 5 kV negative polarity voltage was applied to the electrode. Clearly, at these electrode voltages, there is a modest but consistent enhancement in the heat transfer (up to a 13-17% increase in heat flux or G∆ at the same surface temperature or Θ) for G∆ values above around 150 for both spray flow rates, where the nonlinearity of the curve clearly indicates two-phase heat transfer. Corresponding Nusselt number data are shown versus G∆ in Fig. 6 . Nusselt number increases at the same G∆ of up to 14% are seen, again at the onset of phase change beyond G∆ ≥ 150. Note that the heat transfer enhancement appears to diminish as the CHF is approached. Also, a slightly larger percentage increase in heat transfer is observed at the lower spray flow rate; this may be due to the lower droplet velocities and resulting longer droplet charging times. The electric potential exerted by both electrodes has been calculated by Mehra using the CFD-Ace+ multiphysics code. Axisymmetric results for electrode 1 are shown in Fig. 7 . Similar results are presented in Kreitzer (2006) for electrode 2.
For these simulations the electrode was held at 5 kV and the nozzle and pedestal were fixed at 0 kV. The computed electric field strength for this electrode is shown in Fig. 8 . Results versus distance along the spray centerline are shown in Fig. 9 , in units of N/C. These results have been used to estimate the magnitude of the Coulomb force on a spray droplet on the centerline, using calculated values of the induced charge (Kreitzer, 2006) .
FIGURE. 7. Electrode 1 Electric Potential, Computed
Using CFD-Ace+.
FIGURE. 8. E Field Magnitude for Electrode 1, Computed Using CFD-Ace+, Presented in N/C.
The calculated charge applied to each droplet, q p , has been computed using Eq. 3 (Law, 1978) . This computed value is only approximately 1.5% of the Rayleigh limit, or the maximum possible charge on the droplet (Law, 1978) . 
Here, ε 0 is the permittivity of air (8.85 x 10 -12 C 2 /N-m 2 ), r p is the radius of the droplet, r c is the outer radius of the electrode, r j is the radius of the liquid jet, m p is the droplet mass, and V is the applied charging voltage. The resulting computed charge and the Coulomb force per mass at locations at the top and the bottom of electrode 1 are shown in Table 1 (Kreitzer, 2006) . Even with the modest computed levels of charge relative to the Rayleigh limit, the computed forces are appreciable. It is believed that the actual levels of charge achieved on the electrodes may have been less than listed in Table 1 , due to nonoptimal axial spacing of the electrodes, and/or inadequate charging time.
TIME SCALE ESTIMATES
Order-of-magnitude estimates have been made for FC-72 of the time scales for physical phenomenon that are expected to be relevant in spray impingement cooling, in an effort to develop some understanding of how a body force might be able to influence spray cooling performance. First, a kinematic time scale has been computed as the time between droplet impacts onto a region of the heater surface equal to the estimated area of the thin liquid film "crater" that forms due to the previous droplet impact. Droplet size has been assumed to be 48 µm (Yerkes et al., 2006) , and crater diameter has been assumed to be 250 µm, based on initial high speed video imaging of the liquid film viewed from below using the transparent ITO heater. Two example frames from one of these visualizations appear in Fig. 10 . For these images, the liquid film was illuminated using the beam of a 2W Argon-ion CW laser formed into a light sheet that was oriented parallel to the heater surface. A Phantom v4.2 digital high speed video camera was used, operated at 15,000 frames per second (fps), using a macro lens at f8 and a 10 µs shutter. The curved edge of the heater is visible in the left and right side of both images. Also visible are the 250 µm (0.01") diameter thermocouples that have been embedded in the pedestal. These help provide a scale in the images. If it is assumed that the dark regions visible in both images are associated with recent droplet impacts, then these crater regions are estimated to be between 200-500 µm in diameter. Based on this observation, along with measurements by Bernardin et al. (1996) , a value of 250 µm has been assumed for the crater diameter. These values, along with other key dimensional parameters used in the time scale estimates, have been listed on the left hand side of Table 2 . The estimated thickness of the liquid film on the heater surface away from any droplet impact regions (150 µm) is from measurements by Tilton (1989) . Pautsch, Shedd, and Nellis (2004) have reported spray impingement cooling liquid film thicknesses ranging between 80 µm and 300 µm. The assumed liquid film thickness in the region of droplet impact (1.5 µm) has then been computed based on the assumed value of the crater diameter (250 µm), and assuming no splashing. Cossali, Coghe, and Marengo (1997) have developed a criterion for the onset of splashing due to droplet impingement onto a surface covered with a preexisting liquid film. This criterion predicts no splashing for 48 µm Sauter mean diameter droplets, but somewhat larger droplets are predicted to splash. Cole et al. (2005) are using computational fluid dynamics to simulate these phenomena; their simulations agree qualitatively with the experimental observations by Cossali, Coghe, and Marengo. The calculated time scales have been based on typical assumed values of the spray flow rate and heater power of 1.05x10 -5 m 3 /s and 100 W, respectively. Two different kinematic time scales for droplet impacts have been computed: the average time between droplet impacts on the heater surface for an area equal to the cross sectional area of an incoming drop (610 µs) and the average time between droplet impacts into the estimated area of a previous droplet impact crater (22 µs); see Table 2 . These known flow time scales are compared to the estimated time to heat the drop to saturated conditions and to vaporize the drop, the time scale for surface tension phenomena, and the gravity time scale on the right hand side of Table 2 . Surface tension and gravity time scales have been computed by setting the Weber and Froude numbers equal to one to compute velocity scale estimates, and then using these velocities to compute time scales for the propagation of a surface wave from the outer edge of a droplet impact crater to the center. Thus, these times scales are representative of the times for a droplet impact crater to fill in under the influence of surface tension or gravity. Note that the time to vaporize the drop liquid in the crater would be nearer to the time between droplet impacts in a crater if the heater power were larger (say, 200 W), or if there was significant splashing of the drop away from the crater. Flow visualization for the present sprays indicates the existence of significant splashing. For some spray impingement conditions it is possible for this splashed mass to exceed that of the impinging droplet (Cole et al., 2005) . It is speculated that this splashing could result in less of the impinging droplet liquid remaining in the thin film left in the crater formed by droplet impact, thereby allowing localized dryout of these portions of the heater surface prior to the next droplet impact into the crater. This localized dryout in the droplet impact craters is proposed as a key mechanism for the onset of CHF in spray impingement cooling.
For the assumed length scales in Table 2 , it appears that the time scale for gravitational effects is considerably longer than any of the other time scale estimates for the other phenomena. This leads one to the conclusion that gravitational effects would not be expected to be capable of causing a significant effect on spray cooling performance, at least for the range of parameters assumed in Table 2 . A possible exception to this conclusion may be the governing time scale for the formation Thermocouples (250 µm dia.) and/or detachment of the small vapor bubbles that form in the liquid film during boiling. Since increased heat transfer in the present work is only observed during boiling, then it is reasonable to assume that these phenomenon may be influenced by the Coulomb and/or gravitational body force. However, in the present work, no vapor bubble time scales have been estimated.
It is noted that the droplet residence time at the electrode is comparable to the charge relaxation time (Law, 1978; see Table  2 ); this indicates that the actual inductive charge achieved on a droplet in the current work could be comparable to the value computed from Eq. 3, assuming that the electrode has been placed at the axial location where the liquid jet breaks up into droplets. It is not known whether or not this has been the case for the present work. Because of the limited charging voltages achievable for inductive charging, it is planned that contact charging will be explored in future experiments, as well as inductive charging using different electrode spacings.
CONCLUSIONS
Effects of the Coulomb electrical body force on spray cooling heat transfer performance are reported. Heat transfer performance is documented for a range of spray volume flow rates and heater power levels using the dielectric liquids, FC-72 or HFE-7000, sprayed onto a Thick Film Resistor (TFR) heater, along with flow visualization results using a transparent ITO heater. Two Coulomb force electrode geometries show modest but consistent improvements in heat transfer (order of 5-15%), but only at heat fluxes where boiling of the liquid film occurs. Flow visualization shows a highly contorted liquid film forming on the heater surface. These flow visualization results are used to aid in estimation of characteristic time scales governing the effects of surface tension, gravity, heating of the liquid film, and vaporization of the film. For the present dense liquid sprays, it is concluded that none of these time scales are as short as the 22 µs average time between droplet impacts into a heater surface area equal to the estimated size of the thin, crater-like liquid films formed by a previous droplet impact. 
